Abstract：In this paper, we propose a distance measurement system for automatic berthing control using a stereo camera mounted on a rotation control device, and a radial pattern target. Automatically controlling the position and attitude of a ship aims to prevent maritime accidents due to human error. Our goal is to measure the relative distance between a ship and an onshore or offshore target for berthing. Therefore, the distance should be continuously measured while tracking a fixed point on a target. To this end, we developed a stereo camerabased distance measurement system that satisfied these requirements. This paper describes the structure and principle of the measurement system. We validate the distance error for target incline due to the relative position and attitude between a camera and a target in miniature scale. In addition, the findings of an experiment in an outdoor environment demonstrate that the proposed measurement system has accuracy within 1 m at a range of 20-100 m which is the acceptable accuracy for automatic berthing.
Introduction
To load or unload cargoes from wharfs or floating production, storage and offloading (FPSO), ocean vessels are berthed alongside. During the maneuvering and berthing process, the position and attitude of ocean vessels should be continuously adjusted for an extended period. If operators are required to concentrate on the maneuvering position and attitude of ocean vessels continuously, the risk of maritime accidents induced by psychological and physical fatigue is increased 1) .
Automatic berthing control is an approach to relieving operator fatigue. This is achieved by continuously measuring the relative distance from a ship to a berthing destination. Furthermore, the ideal measurement accuracy is within 1 m for the measurement range 20-100 m in outdoor environments.
Although the global positioning system (GPS) is widely used in ship navigation systems 2) , the positional accuracy provided by GPS is generally insufficient for berthing. As a precise and real-time GPS-based approach, Ueno has proposed a positioning system 3) for automatic ship berthing using real-time kinematic (RTK) GPS techniques. In the present study, we propose a distance measurement system using a stereo camera mounted on a rotation control device and a radial pattern target placed on facilities or FPSO vessels.
This would enable relative distance measurements while tracking a fixed point on the target.
Through automatic and continuous measurement of the distance from a ship to the target, the position and attitude of the ship can be maneuvered.
In this paper, we describe the structure and measurement principle of the proposed system. To validate the robustness of the measurement system against target deformations due to the relative attitude between the camera and target, we 
Distance Measurement System

System Overview
An overview of the distance measurement system is shown in Fig. 1 . This measurement system consists of a stereo camera mounted on a rotation control device, and a specific target. By detecting the same point on a target in each camera image, the distance to the target can be measured by employing the triangulation method.
The rotation control device rotates the cameras along its pan and tilt axes to track the target. The target has a type of radial pattern that can be robustly detected against scale transition, which could occur due to the relative distance to the target. To address this issue, our measurement system has the capability of measuring the relative distance between the stereo camera and the target while tracking a fixed point. 
Target Detection
The target position in an input image is detected by template matching using vector code correlation (VCC) 5~7) . VCC is a simple calculation method suitable for tracking a target. Furthermore, it has been demonstrated in previous studies that VCC is applicable to target detection in outdoor lighting conditions 5~6) and bad weather 7) . Fig. 3 shows the target detection procedure using the Thus, the area with the lowest summation of dissimilarity is detected as the target area. 
Distance Measurement
where su denotes the horizontal pixel size and f is 
where L denotes the baseline length. Since the stereo camera is rotated for tracking, the distance relative to the pan axis of rotation control device should be measured. In our system, the axis passes through the midpoint of the baseline. Thus, the distance Dm between the midpoint and a target is obtained, as: We assumed the distance Dm to be the distance between the measurement system and the target point.
Target Tracking
To continuously measure the distance, the stereo camera is rotated by the rotation control device such that the target is centrally located in the input image. Pan angle P of the rotation control device is derived from the previously mentioned Dm and Dz as:
Tilt angle T is derived from the equation (1):
where each variable is shown in Fig. 5 . Through tracking the center point of a target using P and T, the measurement system can continuously measure the distance.
EXPERIMENTS
We conducted two experiments to determine if the proposed system has the robustness against the target deformation and satisfies the required measurement accuracy in an actual range. These experiments were performed with each prototype system. The results show the potential of the proposed system for distance measurement for automatic berthing control. Fig. 7 shows an experimental prototype system in miniature scale for confirming the robustness of the distance measurement system under target deformation condition. As shown in Table 1 , the baseline of the stereo camera is 178 mm, and the focal length and the resolution of each camera are 16 mm and 640 × 480, respectively. The horizontal pixel size is 7.5μm. The target is placed 3000 mm from the stereo camera at a 30-degree incline. 
Target Deformation Experiment
Distance Measurement Experiment
To determine if the proposed system satisfies the required measurement accuracy in an actual range and in an outdoor environment, the distance was measured using the other prototype system under the scenario shown in Fig. 9 . As shown in Table 2 , the focal length of each camera and the base line are 50 mm and 1540 mm, respectively.
The other parameters are identical to the previous experiment. In this experiment, distance is measured in the range 20-100 m at 1 m intervals. 
CONCLUSION
In this paper, we proposed a distance measurement system using a stereo camera in the field of ship automation and control. We also described the structure and measurement principle of the system. Based on the findings of the scale experiment, we verified the system's ability to measure the distance regardless of the target deformation. This result demonstrates its robustness against changes in the relative attitude and position between a ship and a berthing destination.
The other experiment demonstrates that the proposed system has accuracy within 1 m for the measurement range 20-100 m. Therefore, the proposed distance measurement system is an effective solution for automatic berthing control.
In future work, we would like to evaluate the effectiveness of our system in detail, for example, measurement accuracy under adverse weather conditions. To validate the ship automation and control system presented in this paper, we would also like to investigate attitude measurement techniques of a ship using our automated system.
